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ANALYTICAL STUDIES OF LUNI-SOLAR EFFECTS ON THE
MOTION OF ARTIFICIAL SATELLITES

By

T. L. Felsentreger and J. P. Murphy
Goddard Space Flight Center

Abstract

Theoretical and experimental studies indicate that long periodic
lunar and solar forces produce perturbations in the orbital elements
of some close earth satellites which are comparable to long period
geopotential zonal harmonic effects. Analytical formulations for third
body, solar radiation pressure, tidal, and precession and nutation effects
have been successfully used to account for observable long period vari-
ations in the orbital elements of such satellites as Relay 1, Relay 2, and
Telstar 2. For example, in the case of Relay 1, a variation in the eccen-
tricity with an amplitude of about .0007 and a period of about 400 days was
successfully attributed to luni-solar forces using these formulations.

Remaining variations in some orbital elements (after removal of the
luni-solar, etc. effects) provide strong evidence for adjustment of geo~
potential parameters (used in the orbit determinations) to more recent
values. For example, use of the value -2.504 x 10 -6 for J 3 would ac~
count for the remaining variation in the eccentricity of Relay 2 (the value
~2.285 x 10-% was used in the orbit determination).

Preliminary attempts to deduce seasonal variations in the geopotential
have been promising. This study involves an analysis of the long period
variations remaining in the orbital elements of satellites after removal of
all zonal harmonic, luni-solar gravitation, solar radiation pressure, ti~
dal, and precession and nutation effects.

Discussion

Introduction

Most orbit theories for close earth satellites neglect lunar and
solar forces with respect to the effects caused by the Earth's gravity
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field. However, an examination of the parameters in the long period
parts of the disturbing functions indicates that some luni-solar forces
give rise to perturbations which are comparable to long period zonal
harmonic effects. Moreover, these perturbations are observable and
predictable in the orbital element histories of some earth satellites over
time spans covering hundreds of days.

In order to demonstrate this, analytic expressions for lunar and
solar gravitational (secular and long period), solar radiation pressure
(long period), tidal (long period), and precession and nutation (long
period) effects have been formulated (References 1, 2, and 3). These
formulations were obtained from a straightforward integration of the
variation equations for the Keplerian orbital elements (semi-major axis,
eccentricity, inclination, mean anomaly, argument of perigee, and longi-
tude of ascending node). The elements were referred to the equator of
date and the equinox at an initial epoch; the integration was performed
by assuming only the arguments of trigonometric terms to be functions
of time. Resonances were treated as special cases.

The saiellite elements used in the study were obtained from a reduc-
tion of tracking data using an orbit determination computer program
based upon the 1959 artificial satellite orbit theory of Brouwer (Refer-
ence 4). Hence, these elements are the so called '"mean,' or '"double-
primed,' elements of Brouwer. The theory involves only the geopoten-
tial zonal harmonics through J s the following values were used:

J, = 1.08219 x 10~ J, =-2.123 x 107

J, =-2.285 x10°°

Jg ==2.32 x 1077,

The study was carried out on a number of satellites. However, only
some of the more interesting results for the satellites Relay 1, Relay 2,
Telstar 2, and Nimbus 2 will be reported here. There was a particularly
interesting resonance phenomenon in the case of Relay 2 for which a
special analytic formulation was derived (Reference 5). Also, an ob-
servable long period variation in the semi-major axis of Telstar 2 was
found to be attributable to an indirect solar radiation pressure effect
caused by passage of the satellite in and out of the Earth's shadow
(Reference 6).
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Perturbations in Orbital Elements

The secular and long period perturbations in the Keplerian orbital
elements were obtained from integration of the following variation equa-
tions, which include coupling effects with zonal harmonics:

de . vizel R )
dt na? e dw '
r
di _ cos i JR . 1 oR .
t nha?/1-e2sini ¢ na?vl-e? sini %0 J
. ° \
df __2 3R _1-e? g-g—+g—£8e+9-.{ 8i,
dt na da nale O¢ de di
dw cos i R  V1I-e? 3R , dw dw .
_— - - 4 : +-—-8e+-?-81,?(2)
t na? /1 -e2sini Oi na2 e 9 de di
da _ 1 R dO . dO
t na?/T-e?sini 0L de di '
~

The integrations were performed by considering the arguments of trigon-
ometric terms to be linear functions of time — hence, resonances had to
be treated as special cases. In Equations (2), $e and 5i are the perturba~
tions obtained by integration of Equations (1), and £, « , and { are given
by (see References 1 and 4)

3],a_? 3].%2a ¢
2 : (1-3cos?i)+ 2 e [10-25¢2 4+ 16v1-e?
4a2 (1-e2)3¥2 128a* (1-e2)3/2

-6(10-15e2 +16V1-e?) cos? i + (130-25e? + 144v1-e?) cos*i]

45, al e?

128 a4 (1- 32)3/2

(3-30cos?i+35costi)},

et om0



. 3] ,a? 3].,%2a? ,
“n {- 2 (1-5cos?i)s+ S -10-250%.24:1< o2
4a2(1 - e2)? 128a% (1 - e2)4

-6(6 - 21e? 4 32v1-e?)cos?i + 5(86-9e? +72v1-e?)cos?i]

15J4a:

128 a% (1-

[3(443e2) -18 (8+7¢?) cos?i+7 (28,4 Ze?)cosi],

. 3],acosi 3J,%a Ycosi
n:n{' — " (4-9¢? +12¢1-e7- (40-5¢* (3)

+
2a?(1-e2)2 32a%(1-e2)4

—_ 15J,a% (2+3e?)cos i
+36Vv1-e?)cos?i] - 42 (3-7cos?i)}.
32a% (1 -e?)4

Also, in Equations (1) and (2), the function "R" represents, in general,
any of the secular and/or long period "disturbing' functions due to lunar
and solar forces. An equation for the semi-major axis does not appear
because only secular and long period perturbations are being considered
here. Perturbations in e, i, £, v, and Q arise from lunar and solar
gravitation and solar radiation pressure; tidal forces and precession and
nutation cause effects ini, 4, w, and Q.

Comparison with Geopotential Zonal Harmonics Effects

One can obtain an estimate of the magnitude of the secular and long
period luni-solar perturbations relative to those due to the Earth's
zonal harmonics by a study of the parameters appearing as factors in
the disturbing functions.

It can be seen from the 1959 paper of Brouwer (Reference 4) that
the long~period part of the Hamiltonian F;, appears with the small fac-
tors Ji’/a5 J, /a" J, /25, and J,/a%, and the secular parts F;, and F}_
have J2 /a?, J3 2 /a°, and J, /as as small factors (F , although second
order, gives rlse to first-order long-period perturf)ations). The secular
and long-period gravitational disturbing functions of the sun and moon
have the factors m_ n 2 a? and m, n? a? respectively. The long-period
solar radiation pressure disturbing function appears with -Fa as a mul-
tiplier (for illustration, the value of A/m for Telstar 2, which is about
0.074860427 cm?/gm, was chosen for use in this analysis).
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Table 1 gives a listing of these parameters for increasing values of
a; here, the values of the zonal harmonic coefficients used were those
adopted by the Goddard Computing Center (see Introduction), In addition,
the radius of the Earth has been chosen as the unit of distance, time is
expressed in the Vanguard unit (806.832 sec.), and angular measure is in
radians.

Assuming that divisors of approximately the same order arise in the
integration of both the zonal harmonic and luni-solar disturbing functions,

Table 1
Parameters in the Secular and Long- Period Disturbing Functions
(Telstar 2)

r_m’;,-..“mh., R
(earth|  J,/a° g2 /a8 J,/a* dy/a8 Jg/a8 men'n? | m n‘a?| -fa
radif)

1.00 [ 10.082x10 4| 11,70x10 7 ~22.80x10 7| -21,23x10 ? ~232,0x10°9 | 0,5507x10°7 2.579x10°*| 3,537x107°
Lo5 | 9,347 9.173 -18.81 -16,64 -173.1 6071 2,843 3.714
1.10 | 8.129 7.269 ~-15.62 ~13.18 ~131.0 68663 J.121 3.891
Loy 7.114 0,820 ~113.06 =10,56 ~100,3 L7288 J.411 4,068
1,20 I 6.262 4.705 -11,0¢ -8.535 =77.72 .7930 3.714 4.244
L25 ] 5.540 3,836 =-$.360 -6.957 -60.82 8605 4.030 4.421
1.30 1 4,925 3.153 ~-8,000 -H.718 ~-48.06 9367 4,359 4.598
1.35 ] 4.308 2,611 ~-G.870 -4,735 -38.33 1.004 4,700 4,775
1.40 | 3.943 | 2,176 ~5.94% -3.947 -30,81 1.079 5.0563 4,952
L5 | 3,549 1,826 -H.169 -3.312 ~-24,96 1.158 H5.422 H.129
L. 3.206 1.542 ~-4.513 -2,796 -20,37 1.239 5.803 5,306
1.6 2.642 1.117 ~3.4K87 -2.024 -13.83 1,410 6.602 5.659
1.7 2,202 H244 -2.736 ~1.495 -9.611 1.592 7.453 6.013
1.8 1.855 . 6196 -2.177 -1,123 -6.822 1.784 8.356 6.367
1.9 1.577 4727 -1.753 -.8574 -4.932 1.988 9,310 6,720
2.0 1.352 3657 ~-1.428 ~-.6635 -3.625 2,203 13.32 7.074
2.2 1.016 2272 -.9755 -.4120 ~-2.046 2,665 12.48 7.781
2.4 7827 L1470 -.6888 -.2666 -1.214 3.172 14.86 8.489
2.6 6156 09856 -.5000 -,1787 ~7510 3.723 17.43 9,196
2.8 4929 .06801 -.3718 -, 1231 -4814 4.317 20,22 9.904
3.0 4007 04816 -,2821 -.08737 -.3182 4.956 23.21 10.61
3.5 L2524 02229 -.1523 -.04042 ~-.1262 6,746 31.59 12.38
4.0 .1691 .01143 ~.08925 -.02073 -.05665 8.811 41.26 14.15
4.5 4187 006342 -.05572 -.00151 -.02794 |11.15 52.22 15,92
5.0 08656 003746 =-.03656 -.006794 -.01485 [13.77 64.48 17.69
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we can see that at about a *: 1.2 the long-period effects due to luni-

solar gravitation are about the same as those arising from Js. Further,
at a ~ 1.9 the luni-solar long-period effects are just as important as
those due to any one of J 2, J,, J , or J5. Also, at a ~ 3, solar radiation
pressure is as significant as the znnal harmonics of the Earth. For in-

creasing values of a, of course, the luni-solar forces became progressively

larger while the effects due to the Earth's zonal harmonics diminish,

As far as the secular terms are concerned, the luni-solar effects
became comparable to the zonal harmonic effects at about a X’ 6. There-
fore, the integration becomes invalid at this point, and the formulas
should not be used for satellites whose orbits have semimajor axes ex-
ceeding this value.

Analysis of Relay 1 and Telstar 2

An examination of the mean orbital elements of Relay 1 and Telstar
2 reveals quite substantial long-period variations remaining in the ec-
centricity, inclination, argument of perigee, and longitude of ascending
node. These elements are the '"double-primed' variables of Brouwer
(see Reference 4), so the effects due to the earth's zonal harmonics
though J s have been accounted for. Since the two satellites are high
enough so that air drag may be neglected, it was felt thnt these pertur-
bations might be due to luni-solar forces. For these two satellites tidal
and precession and nutation effects were found to be negligible compared
to lunar and solar gravitational effects and solar radiation pressure.

Data for Relay 1 and Telstar 2 spanning 630 and 525 days, respec-
tively, were analyzed (Reference 1). Figures 1 to 4 give plots of the
uncorrected and corrected values of eccentricity and inclination ver.us
time. It is clear that the major portions of the perturbations were indeed
due to luni~solar forces.

The argument of perigee and the longitude of ascending node were
handled in a somewhat different fashion because of the presence of secu-
lar effects. First, the existence of long-period variations in the double-
primed elements was detected by examining the residuals from least-
squares fits to a constant plus a secular term. Then the long-period
luni-solar perturbations were subtracted from the double-primed ele-
ments, additional least squares analyses of the same type were made,
and the residuals were again examined. The least squares results are
as follows:
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(1) Relay 1:
w = 3492704 + (1:21264/day) (t - t,)
w, = w=bw = 3492850 + (1321206/day) (t - t5)
{1 = 372085 - (1227953/day) (t - t,)
Q, =0- 30 = 369885 - (1°27895/day) (t - t,)
(2) Telstar 2:
w = 297183 + (1221685/day) (t - t,)

w, =w=~ 3w = 2970242 + (1221716/day) (t - t,)

[o]

1 = 763503 ~ (1205483/day) (t - t,)
0, =0~ 80 =76%446 - (1205497/day) (t - t,)

Figures 5 to 8 indicate that the principal remaining variations in the argu-
ment of perigee and longitude of ascending node were caused by the sun
and the moon.

To illustrate the fact that long-period luni~solar effects can be as
significant as first-order long~period zonal harmonic effects, let us ex-
amine the perturbations in the eccentricity of Relay 1 and Testar 2.
Tables 2 and 3 present the amplitudes of the principal long~period terms
appearing in the formulas for the luni-solar and zonal harmonic effects,
along with the corresponding arguments rnd periods (the formulas for
the zonal harmonic terms were obtained from Reference 4). It is clear
that the luni-solar effects are just as important as zonal harmonic
perturbations.

Analysis of Relay 2

Similar results were obtained in the case of Relay 2. However, the
situation was complicated by the existence of a near-resonant condition
caused by a longitude of perigee (v« +(1) which was practically constant
for the time intarval studied (about 654 days). The period of the longitude
of perigee was found to be on the order of 550 years. This condition
caused an almost secular increase in the eccentricity and, to a much lesser
extent, in the inclination.
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Table 2

Principal Long-Period Terms in Zonal Harmonic and Luni-Solar

Perturbations in Eccentricity of Telstar 2.

Argument

Snurce Amplitude Period (days)
(JJ/J;) 373x 1076 “ 296
(J‘/J z) -60 2. 148
( ] 2) 17 2u 148
(3s/32) 5 “ 266
(Js/12) -1 L 99
Lunar gravity -220 20 - 1) 1121
Lunar gravity 192 Q- 20 -1 261
Lunar gravity ~95 2w 148
Lunar gravity 33 2(Ag ~w - 02) 14
Lunar gravity 11 e~ -2 -0 14
Lunar gravity -11 2+ 2 -0 103
Solar gravity 245 2(r, - w-1) 219
Solar gravity 221 A, iy m 2wl 607
Solar gravity -106 2(2, - w-0) 1111
Solar gravity 90 2,7 2w -0 261
Solar gravity -42 2 148
Solar gravity -35 2(r, -0, ~w) 781
Solar gravity 8 Ay —ug ™ 2w Q 917
Solar gravity -S Qw + 2w~ 103
Solar radiation pressure 42 wt =N, 437
Solar radiation pressure -24 W~ A 1582

©
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Table 3

Principal Long-Period Terms in Zonal Harmonic and Luni-Solar

Perturbations in Eccentricity of Relay 1.

Source Amplitude Arg'um?nt Period (days)
(Js/32) 520 x 10°¢ ® 208
(Ja/32) -71 W 149
(J2) 18 2w 149
(35/32) 7 w 298
(35/32) 7 Sw 99
Lunar gravity 304 2(0, -w-0) 2584
Lunar gravity 147 Qe -2w-10 315
Lunar gravity -68 % 149.
Lunar gravity 19 2(\e -w-9) 14
Lunar gravity 9 A, -0 ~2w-10 14
Lunar gravity -7 Q¢ + %-0 97
Solar gravity 149 2(0, - w-9) 2691V
Solar gravity 109 2(ho -« - ) 171
Solar gravity 101 A, -6, -2w=-Q 436
Solar gravity 70 Oy~ 2w-0° 314
Solar gravity =30 % 149
Solar gravity -30 2(A, -0, -a) 795 .
Solar gravity 12 Ag ~wy = 2w =10 2256
Solar radiation pressure 31 wt= A, 342
Solar radiation pressure ~26 w=Ag 1590

13
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The luni-solar gravitational and solar radiation pressure effects
were computed using the formulas in Reference 1. Howevar, the pre-
caution was taken to exclude the near-resonant terms with arguments
2(f., == -1{l)yand 2(s2; - » - \!) from the initial computations. The por-

tion of the luni-solar gravitational disturbing function which includes the
two near-resonant terms is

15 . ' '
R™ Y aZe? (1 4+ cos i)? {né m, sin? i, cos 2(f), -« - Q)

+ngmg sin? iy cos 2(Q, -~ w=-1)],

The method of integration employed in Reference 1 cannot be directly
applied to the "moon' term in its present form inasmuch as the motions
of igs Qnyand w + (1 are all commensurate; in addition, since i, and Qe
have been referred to the Earth's equatorial plane, their motions are not
sufficiently constant over the time interval under study to allow accurate
computation of the perturbations.

However, using the ecliptic as a reference plane the ""moon' term
can be rewritten in terms of angular variables having motions which are
essentially constant, and the integration can be carried out (details may
be found in Reference 5). Figure 9 illustrates the effect of removing the
luni-solar perturbations, including the '"near-resonant' perturbation (%e)g,
from the ""mean'" values of eccentricity.

There still remained a variation in the eccentricity having a period
approximately that of the argument of perigee. A harmonic analysis us-
ing the corrected values of the argument of perigee (aq) Was performed,
the results of which are shown in Figure 10. A further analysis indicated
that this variation could be accounted for by use of the value -2.504 x 10-6
for the J ; zonal harmonic, instead of the value used in the orbit deter-
mination (see Introduction). This "adjusted" value for o, is much more
in line with recent determinations.

14
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Shadow Effects on Telstar 2

An indirect long period solar radiation pressure effect on the orbit
of a satellite is caunsed by the passage of the satellite in and out of the
earth's shadow. This effect is best observed in the semi~major axis,
which undergoes no long period motion from any other source.

The Telstar 2 satellite provides a good subject for a study of this
effect. A long-period variation with approximate amplitude of 0.0000140
carth rac'ii and a period of about a year was observed in the semi-major
axis. Analytic formulations derived using a procedure described in
Reference 6 successfully accounted for this variation, illustrated in
Figure 11,

Seasonal Variations in the Geopotential

A seasonal variation in the second zonal harmonic in the geopoten-
tial has been observed (Refcrence 8). In his paper, Dr. Kozai sought but
did not find a variation in the third zonal harmonic. An analysis is under-
way to use the moderate to highly inclined orbits of the close nearly

19231980 o v y T 1 ! ' I ' 1 y 1 T }
19231940 THEORY INCLUDING ZONAL §
= DATA BASED HARMONICS DIRECT RADIATION |
=} ON BROUWER PRESSURE. SOLAR AND LUNAR l
& 19231900 MEAN ELEMENTS GRAVITATIONAL FORCES,
- AIR DRAG. AND INDIRECT i
= RADIATION FRESSURE -
& 19231860FqC~~=~~us_____ DUE TO SHADOWING
¥ N T T ..
1724 -
£ 19231820
<C
S 19231780}
< THEORY INCLUDING ZONAL
= HARMONICS DIRECT SOLAR :
S 19231740} RADIATION PRESSURE, SCLAR -
L AND LUNAR GRAVITATIONAL :
FORCES. AND AIR DRAG |
1 9231700+ g
: j
192 1660 i L i — i i i : 1 — ke i
3 100 140 180 220 260 300 340 380 420 460 500 540 580 620

TIME (DAYS SINCE 08/18/63 11 HRS. 55 MIN. U.T.)

MUY A THAJECTORY ANALVSIE DIVISHN
BHANLH 952 _OATE N
HY tehwniinger PLOT NG s

Figure 11. Semi-Major Axis of Telstar 2 vs. Time
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circular Tiros 8, Alouette 1, and Nimbus 2 satellites to study these ef-
fects. Orbits such as these undergo very substantial periodic perturba-
tions due to the third harmonic in eccentricity and argument of perigee
(see Reference 7). Any residual periodicities after all the luni~solar
gravitation, precession and nutation, radiation pressure, high degree
zonals, and solar and lunar tidal effects are removed may reveal the
effects of the time dependent geopotential.

Symbols
A Effective presentation area of satellite
a Semi~-major axis of satellite's orbit
A, Mean equatorial radius of the Earth
e Eccentricity of satellite's orbit
e, Eccentricity corrected for long-period lunar and solar
effects
F Solar radiation pressure force constant
Fe Resonant disturbing function
i Inclination of satellite's orbital plane to Earth's equa~
torial plane
i, Inclination corrected for long-period lunar and solar
effects
v Jg Zonal harmonic coefficients in Earth's gravitational
potential
4 Mean anomaly of satellite
£ Mean motion of mean anomaly
m Mass of satellite
n Mean motion of satellite

18
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R Disturbing function
t Time
w Argument of perigee of satellite's orbit
w Mean motion of argument of perigee
Q Longitude of ascending node of satellite's orbit
0 Mean motion of longitude of ascending node
Ao P Mean longitude of sun or moon

The symbols e, i@ , etc. refer to the corresponding quantities for the
sun (©) or the moon (¢).
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